T he protease renin, mainly produced by the kidneys, is the rate limiting enzyme determining the activity of the renin-angiotensin-aldosterone system (RAAS), which controls sodium homeostasis and blood pressure in mammals. 1, 2 Renin synthesis and secretion are regulated by the sodium balance of the organism in the sense of a long negative feedback loop. 1, 2 They are moreover, regulated by angiotensin II (Ang II) as the product of renin activity and by the intrarenal blood pressure, which form short negative feed back loops for renin secretion. 1, 2 The mechanisms by which the renal perfusion pressure, which is also referred to as the renal baroreceptor, 1, 2 or Ang II inhibit synthesis and secretion of renin in juxtaglomerular cells are widely unknown. 1 However, the inhibitor effects of both factors are abolished if the extracellular calcium concentration is lowered toward the micromolar range, 3, 4 suggesting a requirement for calcium which possibly acts as the inhibitory mediator in these 2 signaling pathways. It is known for long that juxtaglomerular cells are strongly coupled among each other as well as to the adjacent endothelial cells via gap junctions. [5] [6] [7] However, the functional implication of this coupling is still obscure partially because of the lack of substances that specifically interfere with gap junctional communication. Gap junctions are formed by the assembly of connexins (Cx), which belong to a family consisting of at least 20 members. 8 More recently, it was demonstrated that connexin40 (Cx40) and Cx43 seem to be the dominating connexins expressed in the kidney. Specifically the renin producing juxtaglomerular cells but not the neighboring smooth muscle cells exhibit a striking expression of Cx40 which forms gap junctions between the renin producing cells themselves as well as between the renin producing cells and the adjacent endothelial cells or the extraglomerular mesangium. 9 -12 Because Cx40-deficient mice are hypertensive, 13 we hypothesized that either Cx40 hemi channels or Cx40-dependent intercellular communication is crucially contributing to the regulation of renin secretion. In fact, a recent study provided first evidence that gap junctional communication may have functional relevance for renin producing cells. Mice in which Cx43, which is found in endothelial cells but not in renin producing juxtaglomerular cells, 10 -12,14 had been replaced by Cx32 (Cx43ki32 mice) displayed a markedly lower renin expression than their respective wild-type (WT) controls. 15 More strikingly, unilateral renal artery stenosis which stimulates renin synthesis and secretion in the hypoperfused kidney and suppresses both parameters in the contralateral intact kidney in WT mice, failed to induce these characteristic changes in Cx43ki32 mice. 15 How the replacement of Cx43 by Cx32 can exert such profound changes in the functional behavior of juxtaglomerular cells is yet unknown.
Our interest in the functional role of gap junctions for renin synthesis and secretion focused on Cx40, which is the dominating connexin in juxtaglomerular cells. Therefore, we studied the regulation of renin synthesis and secretion in Cx40 deficient mice, which are known to be hypertensive for unknown reasons. We aimed to prove 2 hypotheses, namely that the hypertension is because of a dysregulation of renin secretion and if so, that the dysregulation of renin is because of a disturbed feed-back control of renin secretion.
Materials and Methods

Animal Experiments
All experiments were conducted in 12 to 20 weeks old homozygous Cx40 Ϫ/Ϫ mice 16 and age-matched WT controls. Strain background (C57BL/6) of Cx40-deficient and WT animals were considered identical after Cx40-deficient mice were backcrossed seven times in a C57BL6 background. To determine the gene dose effect of Cx40 the phenotype of Cx40 ϩ/Ϫ mice was determined in a second step. The genotype of all animals was verified by PCR as described previously. 17 All animal experiments were performed according to the Guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health and were approved by the local ethics committee.
Male mice were assigned to the following groups: (a) Enalapril treatment: 8 mice of each genotype were given the converting enzyme inhibitor enalapril (10 mg kg -1 d -1 ) for 5 days in the drinking water. Control mice (nϭ8 each genotype) received normal tap water; (b) Salt diets: Mice were maintained for 10 days on chow balanced in all respects except for a low (0.02% NaCl, Ssniff) or a high (4% NaCl, Ssniff) sodium content (nϭ8 for each treatment and genotype); (c) Isoproterenol treatment: Isoproterenol (10 mg kg Ϫ1 d Ϫ1 ) was administered continuously via subcutaneously implanted osmotic minipumps (Alzet Corp) for 2 days 18 ; control animals received 0.9% NaCl via osmotic minipumps (nϭ5 for each genotype and treatment); and (d) Unilateral renal artery stenosis: Animals were anesthetized with sevoflurane, the left kidney was exposed by a small flank incision and the renal artery was dissected from the renal vein and the surrounding tissue. Finally a U-shaped silver clip (0.11-mm-inner-diameter) was placed around the renal arteries of 8 mice of each genotype, whereas no clip was placed in sham operated mice (nϭ8 each genotype). Animals were euthanized 7 days after clipping.
After the respective treatment periods blood samples (75 L) for the determination of the plasma renin concentration were taken from the tail vein into hematocrit tubes containing 1 L 125 mmol/L EDTA to prevent clotting. Thereafter, the mice were deeply anesthetized with sevoflurane and killed by cervical dislocation. The kidneys were removed quickly and frozen in liquid nitrogen. Organs were stored at Ϫ80°C before isolation of mRNA or determination of tissue renin activity, as described below.
Blood Pressure Measurements
Measurements of the systolic arterial pressure were performed noninvasively by tail cuff manometry (TSE, Germany). Before the first blood pressure determination the animals were habituated on the experiment procedure by placing them into the holding device on 5 sequent days.
Determination of Renin mRNA by Real-Time PCR
Total RNA was isolated from the frozen kidneys as described by Chomczynski and Sacchi. 19 The cDNA was synthesized by MMLV reverse transcriptase (Superscript, Invitrogen). For quantification of renin mRNA and Cx43 mRNA expression real time RT-PCR was performed using a Light Cycler Instrument (Roche Diagnostics Corp) and the QuantiTect SYBR Green PCR kit (Quiagen) and ␤-actin as a control. To verify the accuracy of the amplicon a melting curve analysis was done after amplification and PCR products were analyzed on an ethidium bromide-stained agarose gel. For amplification of mouse renin and ␤-actin cDNAs the following primers were used: renin: 5Ј-atg aag ggg gtg tct gtg ggg-3Ј (sense), 5Јatg cgg gga ggg tgg gca cct-3Ј (antisense); ␤-actin: 5Ј-cgg gat ccc cgc cct agg cac cag ggt g-3Ј (sense), 5Ј -gga att agg ctg ggg tgt tga agg tct caa a-3Ј(antisense).
Determination of Plasma Renin Concentration
For determination of plasma renin concentration the blood samples taken from the tail vein were centrifuged and the plasma was incubated for 1.5 hour at 37°C with plasma from bilaterally nephrectomized male rats as renin substrate. The generated AngI [ng/mLϫh] was determined by radioimmunoassay (Byk & DiaSorin Diagnostics, Germany).
Determination of Renal Renin Content
Renal renin content was determined as described previously. 20 In brief, frozen kidney halves were homogenized and centrifuged. The supernatant was refrozen and thawed three times to activate renin. Renin activity was determined by radioimmunoassay using saturating concentrations of renin substrate. 20 Protein was determined with the Bradford-method (BioRad).
Isolated Perfused Mouse Kidney
Homozygous Cx40 deficient mice and age-matched WT mice of either sex with a C57BL/6 genetic background were used as kidney donors. The isolated perfused mouse kidney model has been described in detail previously. 20 Briefly, the animals were anesthetized with an intraperitoneal injection of 12 mg/kg xylazine (Rompun R , Bayer, Germany) and 80 mg/kg ketamine-HCl (Curamed, Germany), the abdominal aorta was cannulated, the right kidney was excised, placed in a thermostated moistening chamber and perfused at constant pressure (90 mm Hg). Using an electronic feedback control, perfusion pressure could be changed and held constant in a pressure range between 40 and 140mmHg. Finally, the renal vein was cannulated and the venous effluent was collected for determination of renin activity and venous blood flow.
The basic perfusion medium consisted of a modified KrebsHenseleit solution supplemented with 6 g/100 mL bovine serum albumin and with freshly washed human red blood cells (a 10% hematocrit).
Stock solutions of Ang II or isoproterenol were dissolved in freshly prepared perfusate; stock solutions of 18␣-glycyrrhetinic acid or glycyrrhizic acid (GZA) were dissolved in DMSO. All drugs were infused into the arterial limb of the perfusion circuit. For lowering the extracellular calcium concentration into the submicromolar range we added the calcium-chelator ethylene glycol-bis (aminoetyhl ether) tetraacetic acid (EGTA) 3,12mMol/L to the perfusate. The experiments with GZA were performed in separate experiments in a second step.
For the determination of renin secretion rates three samples of the venous effluent were taken in intervals of 2 minutes during each experimental period. Renin activity in the venous effluent was determined by radioimmunoassay (Byk & DiaSorin Diagnostics, Germany) as described previously. 20 Renin secretion rates were calculated as the product of the renin activity and the venous flow rate [ml/min*g kidney weight].
Isolation of JG cells and Primary Cell Culture
Mouse JG cells were isolated as described. 21 Briefly, cells from 4 mouse kidney homogenates were separated by Percoll gradient centrifugation (nϭ4 preparations), and the cellular layer (density 1.07 g/mL) with the highest specific renin activity was washed and resuspended in 4 mL RPMI-1640 (Biochrom) containing 0.66 U/mL insulin, 100 U/mL penicillin, 100 g/mL streptomycin, and 2% FCS.
Cells were seeded in 100-L aliquots in 96-well cell culture plates and were incubated at 37°C in a humidified atmosphere containing 5% CO 2 in air. After 20 hours of primary culture, the medium was removed, the cultures were washed once with 100 L RPMI-1640 medium containing 2% FCS and finally 100 L of prewarmed culture medium with the chemicals to be tested (forskolin 5 mol/L; Ang II 1mol/L; thapsigargin 1mol/L) were added and incubation was continued for 4 hour. Thereafter, the supernatants were removed and renin activity was determined by the ability of the samples to generate Ang I from the plasma of bilaterally nephrectomized rats. Ang I was measured by radioimmunoassay (Byk & DiaSorin Diagnostics, Germany).
Immunohistochemistry for Renin, Cx40, Cx43, and ␣ Smooth Muscle Actin
The expression of renin, Cx40, and Cx43 protein were localized by immunohistochemistry.
In brief, kidneys were fixed in methyl-Carnoy solution (60% methanol, 30% chloroform, 10% glacial acetic acid) as described previously. 22 Immunolabeling was performed on 8 m frozen sections. After blocking with 10% horse serum, 1% BSA in PBS, sections were incubated with anti-renin, anti Cx40 (Santa Cruz), anti Cx43 (Sigma) or antismooth muscle actin (Beckman Coulter, Immunotech) overnight at 4°C, followed by incubation with a fluorescent antibody.
Statistical Analysis
Values are given as meanϮSEM. Differences between groups were analyzed by ANOVA and Bonferoni's adjustment for multiple comparisons. In the isolated perfused kidney experiments, the three values obtained within an experimental period were averaged and used for statistical analysis. Student's paired t-test was used to calculate levels of significance within individual kidneys.
Probability values less than 0.05 were considered statistically significant
Results
Homozygous (Cx40
ϩ/Ϫ ) but not heterozygous Cx40 (Cx40 ϩ/Ϫ ) deficient mice are hypertensive ( Figure 1, upper panel) . Surprisingly, the steady state levels of plasma renin concentration and of renal renin mRNA expression were 5.1-fold and 2.4-fold increased in Cx40 Ϫ/Ϫ mice relative to their WT controls (Cx40 ϩ/ϩ ) ( Figure 1 , middle and lower panel), whereas Cx40 ϩ/Ϫ mice behaved like WT controls. Renal renin content as a measure for stored renin was increased by 80% in Cx40 Ϫ/Ϫ and was normal relative to wild-types in Cx40 ϩ/Ϫ mice ( Table 1) . Because hypertension in association with a high renin status indicates a renin-dependent hypertension, the effect of Ang I-converting-enzyme (ACE) inhibition was examined. ACE inhibition using enalapril (10 mg/kg per day) applied for 5 days lowered systolic blood pressure on average by 14 mm Hg in Cx40 ϩ/ϩ and Cx40 ϩ/Ϫ and by 21 mm Hg in Cx40 Ϫ/Ϫ mice but did not correct blood pressure of Cx40
mice to the values observed in WT mice ( Figure 1 , upper panel), suggesting the existence of renin/Ang II-dependent and -independent components of hypertension in Cx40-deficient animals.
In view of this, we hypothesized that the physiologic negative feedback control of renin secretion and renin gene expression exerted by intrarenal pressure, Ang II or sodium load might be defective in Cx40-deficient mice.
As shown in Figure 1 ACE-inhibition increased plasma renin concentration (PRC) Ϸ7-fold and renal renin mRNA levels Ϸ5-fold in Cx40 ϩ/ϩ and Cx40 ϩ/Ϫ mice, while renin mRNA increased only 2-fold and PRC did not change significantly in Cx40 Ϫ/Ϫ mice. This difference was further corroborated by experiments in isolated perfused kidneys obtained from WT and Cx40 Ϫ/Ϫ mice ( Figure 2 ). The inhibitory action of Ang II (10 pmol/L -1 nmol/L) on renin secretion was clearly impaired in Cx40 Ϫ/Ϫ kidneys, because the concentration response curve was significantly shifted to higher concentrations in Cx40-deficient kidneys (IC50 Figure 2 , upper panel). This was not because of an altered vasoconstrictor effect of Ang II because the decrease of perfusate flow at constant perfusion pressure was rather similar in both genotypes ( Figure 2, lower panel) .
We next studied the negative feedback exerted by intrarenal pressure on renin secretion and synthesis. The classic maneuver to examine the pressure control of the renin system in vivo is experimental unilateral renal stenosis, which stimulates renin secretion in the hypoperfused kidney, leads to renin dependent hypertension and thus suppresses renin secretion in the contralateral untouched kidney. We therefore clipped the left renal arteries of WT and Cx40-deficient mice with a 0.11 mm (inner diameter) clip and analyzed the animals seven days after placing the clips. At that time point a clear weight difference between clipped and nonclipped kidneys had developed (right/left ratio in wild type: 1.02Ϯ0.1 for sham, 1.52Ϯ0.2 for clipped; ratio in Cx40-deficient mice: 1.05Ϯ0.1 for sham, 1.47Ϯ0.25 for clipped), indicating the efficacy of the clipping maneuver in both genotypes. In WT mice renal artery clipping led to a 3.4-fold increase of plasma renin concentration, to a 8.2-fold side difference of renin mRNA between left and right kidneys and to a 32 mm Hg increase of systolic blood pressure (Figure 3) . In Cx40 deficient mice, left renal artery clipping did not change plasma renin concentration or blood pressure and there was only a minor 2.2-fold side difference in renin mRNA levels (Figure 3) , suggesting that the stimulation of the renin system by a decrease of intrarenal blood pressure was widely abrogated in Cx40-deficient mice. In kidneys isolated from WT mice renin secretion was clearly pressure dependent because decreases of perfusion pressure stimulated and in- In line, addition of the calcium chelator EGTA (3.1 mmol/L) to the perfusate caused a 6-fold increase of renin secretion from WT kidneys, whereas this increase was completely abolished in Cx40 deficient kidneys ( Figure 5, upper  panel) .
At the same time, ␤-adrenergic stimulation (isoproterenol, 10 nmol/L) strongly enhanced renin secretion in Cx40-deficient kidneys and this stimulus was equally efficient in both genotypes ( Figure 5, upper panel) . In addition, the direct stimulation of renin gene expression initiated by ␤-adrenoreceptor activation via isoproterenol was not altered in Cx40 deficient animals in vivo (Cx40 ϩ/ϩ from 1.1ϩ0.3 to 5.3ϩ0.3 renin mRNA/actin mRNA, PϽ0.05; Cx40 Ϫ/Ϫ from 4.3ϩ0.4 to 13.4ϩ3.4 renin mRNA/actin mRNA, PϽ0.05; data not shown).
In short term primary cultures of juxtaglomerular cells isolated from WT and from Cx40-deficient kidneys we found no difference in the secretory behavior of the 2 genotypes with regard to cAMP stimulation by forskolin nor with regard to the calcium dependent inhibition induced by Ang II or the SERCA-inhibitor thapsigargin. (Figure 5, lower panel) .
We further examined the regulation of the renin system by salt intake in WT and Cx40-deficient mice because salt load controls the renin system by a supposedly different feedback mechanism. In both genotypes plasma renin concentration and renal renin mRNA levels were inversely related to the amount of salt intake and blood pressure remained unchanged in both groups of mice ( Figure 6 ).
Finally, we considered the possibility that the different behavior of renin secretion in Cx40-deficient kidneys was because of the compensatory upregulation of other connexins rather than to the lack of Cx40. Coimmunolabeling for Cx40 and renin showed a good overlap of renin and Cx40 signals in the juxtaglomerular region in WT mice ( Figure 7, A and B) . Coimmunolabeling for Cx43 and renin showed no overlap of renin and Cx43 in the juxtaglomerular region neither of WT nor of Cx40 deficient mice. (Figure 7, C and D) . We found Cx43 immunoreactivity in larger kidney vessels (Figure 7 , E) and predominantly in the heart (Figure 7, F) , indicating that the immunostaining procedure worked in general. The lack of upregulation of Cx43 in the juxtaglomerular region of Cx40-deficient kidneys was also confirmed by mRNA analysis and by western blotting using extracts from kidney cortex (please see the online data supplement available at http://circres.ahajournals.org).
Discussion
Our findings indicate that the classic negative feedback loops which involve Ang II and the intrarenal blood pressure and which control the activity of the renin system, are disturbed in the absence of Cx40.
Although there is no doubt that Ang II can inhibit renin secretion at the level of the juxtaglomerular cells, 1 as also confirmed in this study, the physiological relevance of such a "short-loop" feedback is meanwhile questioned. Studies with genetically engineered mice provided evidence that the normal feed-back control of renin secretion by Ang II in vivo is mainly mediated indirectly. 23, 24 The results of our study would fit with such an assumption of at least 2 inhibitory mechanisms mediating the action of Ang II. Firstly, a direct one at the level of juxtaglomerular cells, that occurs at higher concentrations of Ang II and that does not require Cx40 connexins. Secondly, an indirect one that occurs already at lower concentrations of Ang II and that requires either Cx40 hemi channels or cell to cell communication through Cx40 gap junctions. It has been postulated that changes of blood pressure may account for the indirect component in the feedback regulation of renin secretion by Ang II. Again this hypothesis would be fully supported by our data, as they show that pressure regulation of renin synthesis and renin secretion are abolished in the absence of Cx40 connexins. Because the pressure dependency of renin secretion was also abolished in the presence of a pharmacological gap junction blocker our findings strongly suggest that cell to cell communication via Cx40 gap junctions are essentially involved in the renal "barosensor" mechanism controlling renin synthesis and secretion Based in the immunohistological data available it is conceivable that within the afferent arterioles of the kidney gap junctions formed by Cx40 establish a functional syncytium and connect the endothelial cells to the renin secreting cells and these possibly to extra-and intraglomerular mesangial cells. 9 -12 Therefore, apart from renin secreting cells themselves also mesangial and endothelial cells could act as barosensors in principle. The feasibility of endothelial cells to act as mechanosensors affecting the function of the underlying smooth muscle cell layer is well established. 25, 26 For example, the electrotonic spread of an endothelial hyperpolarization to the adjacent smooth muscle is dependent on myoendothelial gap junctions. 27, 28 Such a mechanism may also be active to attenuate renin secretion in the juxtaglomerular cells. Interestingly, it has been shown recently that the release of NO and the cytosolic calcium concentration in endothelial cells of afferent arterioles are dependent on intravasal pressure, 29 supporting the idea that endothelial cells can function as primary mechanosensors. Moreover, a close spatial contact of renin secreting cells with endothelial cells in fact modulates renin secretion. 30 A common characteristic of the inhibitory effects of Ang II and of perfusion pressure on renin secretion is their dependency on extracellular calcium, suggesting that both parameters involve a calcium dependent step in their signaling pathways. 3, 4 In fact, it is commonly assumed that a rise of the cytosolic calcium concentration inhibits renin secretion and also renin gene expression at the level of juxtaglomerular cells, 4,31 a phenomenon that is termed "calcium paradox" of renin.
Notably, in the absence of Cx40 renin secretion behaved as if the extracellular calcium concentration was low, as supported by 3 lines of evidence. Firstly, lowering of the calcium concentration in the perfusate did not stimulate renin secretion in Cx40-deficient kidneys as usually expected ( Figure 5 ). Secondly, pressure dependent renin secretion in Cx40 deficient kidneys was similar to that of Cx40 expressing kidneys at low extracellular calcium concentration (Figure 3) . Finally, the concentration-dependent inhibition of Ang II on renin secretion was shifted to the right, which can also be achieved by lowering the extracellular calcium concentration. 4 Because the conductance of gap junctions is inversely related to the cytosolic calcium concentration ie, conductivity is enhanced by low calcium 32 it is unlikely, that the effect of low extracellular calcium was because of a decoupling of gap junctions thus mimicking Cx40 deficiency.
In contrast, it is tempting to speculate from our findings that Cx40 is important for the induction and/or propagation of cytosolic calcium increases in renin secreting cells. As already mentioned previously there is good evidence that gap junctions are supporting the spreading of calcium waves from cell to cell, thus synchronizing the activity of tissues such as vascular smooth muscle cells or endocrine cells. [33] [34] [35] [36] [37] It has been reported recently that the substitution of Cx43, which is not expressed in renin producing cells, 10 -12,14 by Cx32 is associated with diminished renin synthesis and renin secretion under stimulatory conditions 15 and the authors proposed that Cx 43 is required for a normal responsiveness of the renin system on pressure decreases. 15 Because Cx43 expression in the aorta is compensatorily increased in Cx40 deficient mice, 38 it was to rule out that a compensatory increase of Cx43 in renin producing cells of Cx40 deficient mice might account for the dysregulation of the renin system as observed in this study. In accordance with the results of others 10 -12,14,39 we found Cx43 immunoreactivity in larger kidney vessels and in the heart but not in renin producing cells of WT or Cx40-deficient mice. Moreover, neither Western blot analysis nor mRNA analysis gave any evidence for an upregulation of Cx43 expression in Cx40 deficient mice. Therefore, we come to the conclusion that a possible upregulation of Cx43 in renin producing cells does not contribute to the dysregulation of the renin system in mice lacking Cx40.
In summary, our data provide first evidence that Cx40 connexins are required to exert an inhibition of renin secretion and synthesis in the kidney, because Ang II and intrarenal pressure which both act as physiologic negative feedback regulators loose their capability to attenuate renin secretion in the absence of Cx40. It remains to be elucidated if such a pathomechanism accounts for a small fraction of essential hypertension in humans. Interestingly, a polymorphism within the Cx40 promotor has been demonstrated to be associated with an increased risk of hypertension in men. 40 Our findings could provide a plausible explanation for the combination of a high renin status with high blood pressure in Cx40 deficient mice, without renin being the only cause for hypertension. As already proposed previously an altered vasomotion of arterioles may contribute to the hypertension observed in Cx40-deficient mice. 13, 17, 41 Supplemental figure 
